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ABSTRACT: Whole genome sequencing of personal
genomes has revealed a large repertoire of genomic vari-
ations and has provided a rich template for identifica-
tion of common and rare variants in genomes in addi-
tion to understanding the genetic basis of diseases. The
widespread application of personal genome sequencing in
clinical settings for predictive and preventive medicine has
been limited due to the lack of comprehensive computa-
tional analysis pipelines. We have used next-generation
sequencing technology to sequence the whole genome of a
self-declared healthy male of Indian origin. We have gen-
erated around 28X of the reference human genome with
over 99% coverage. Analysis revealed over 3 million single
nucleotide variations and about 490,000 small insertion–
deletion events including several novel variants. Using this
dataset as a template, we designed a comprehensive com-
putational analysis pipeline for the systematic analysis and
annotation of functionally relevant variants in the genome.
This study follows a systematic and intuitive data analysis
workflow to annotate genome variations and its potential
functional effects. Moreover, we integrate predictive anal-
ysis of pharmacogenomic traits with emphasis on drugs for
which pharmacogenomic testing has been recommended.
This study thus provides the template for genome-scale
analysis of personal genomes for personalized medicine.
Hum Mutat 33:1133–1140, 2012. C© 2012 Wiley Periodicals, Inc.
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Introduction
Recent years have seen the amenability of whole genome sequenc-

ing technology [Kahvejian et al., 2008; Metzker, 2010; Schuster, 2008;
Shendure and Ji, 2008] in the realms of small research laboratories.
This technological breakthrough has enabled unbiased view of the

Additional Supporting Information may be found in the online version of this article.
∗Correspondence to: Vinod Scaria and Sridhar Sivasubbu, CSIR Institute of Genomics

and Integrative Biology, Mall Road, Delhi 110007, India. E-mail: vinods@igib.res.in;

s.sivasubbu@igib.res.in

Contract grant sponsor: Council of Scientific and Industrial Research (CSIR), India

(grants NWP0036 and FAC002).

genetic diversity over entire genomes [Mardis, 2008] and identified
common as well as rare variants conferring disease risks [Cirulli
and Goldstein, 2010; Tucker et al., 2009; Voelkerding et al., 2009].
This has also sparked an interest in sequencing both normal as
well as individuals with clinical indications [Ley et al., 2008; Mardis
et al., 2009], in trying to unravel the complexities of the genome
and its possible clinical effects. In addition to addressing the ques-
tion of novel variations in the genome, variation data derived from
whole-genome sequencing also reveals a wealth of information on
gene disruptions and their potential consequences, in addition to
suggesting potential clinical indications, which constitute the pre-
ventive and predictive use of whole-genome sequencing. Genome
sequencing of a large number of individuals currently being un-
dertaken by multiple groups [Hayden, 2008; Meyerson et al., 2010]
would also provide for a baseline data for comparison and under-
standing the role of genomic variations in clinical conditions and
disease predispositions.

In recent years, there have been interests in understanding not
only the major populations of the world but also minor popula-
tions and ethnic groups, which were hitherto not represented in
major genome variation studies, such as HapMap [International
HapMap Consortium, 2003] or 1000 Genome Initiative [Hayden,
2008]. Indian subcontinent, which comprises of just over 2.5% of
the total land area, is home to almost 16% of the world popula-
tion, in addition to being a hotspot of diversity, be it social, ethnic,
or genetic [Habib, 2001, 2002; Indian Genome Variation Consor-
tium 2008; Singh, 2002]. The genetic landscape of this region has
been diverse, thanks to the waves of migration to Southeast Asia
through India [Bamshad et al., 2001; Basu et al., 2003; Roychoud-
hury et al., 2001]. India, comprising about one-sixth of the world’s
population, is mainly constituted from Austro-Asiatic (AA), Indo-
European (IE), Tibeto-Burman (TB), and Dravidian (DR) families
with cultural and social frameworks that discourage and at times
prohibit intermarriages between ethnic groups [Indian Genome
Variation Consortium 2008; Reich et al., 2009]. Thus, India has ex-
tensive genetic diversity with genetically isolated subpopulations,
which makes it imperative to explore the disease–variants relation-
ships in Indian context. Recent studies on population structure and
migration in the Asian context have suggested the extreme hetero-
geneity and genetic variability in the Indian populations, in addition
to suggesting India had been a major transit point for migration of
humans in the entire of South-East Asia [Abdulla et al., 2009; Teo
et al., 2009]. The Indian Genome Variation project [Indian Genome
Variation Consortium 2005, 2008] had previously tried to under-
stand the population structure and the genetic heterogeneity of
the population of the country. In addition to studying the genetic
heterogeneity in the Indian population, affinities to each of the
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HapMap populations were also computed, showing significant
affinities with major populations in the country. We also studied
the relationship of Indian populations with HapMap populations
and had identified single nucleotide polymorphisms (SNPs) to dis-
tinguish various ethnic groups from each other. Our current study
is the initial step toward the extension of the previous work from
studying known common variants to identifying genome scale vari-
ants with the aim to find rare causative variants relevant to Indian
populations.

This study reports the whole genome sequencing and analysis
of an individual male genome from the ethnically, culturally and
genetically diverse Indian subcontinent, thus adding to the number
of individual genomes available till date. We have sequenced the
genome and identified variants such as SNPs, insertion–deletions
(InDel) and other variations on genome scale. It follows a systematic
and intuitive data-analysis workflow to annotate genome variations
and its potential functional effects. This study provides insights
into annotating variations and their potential functional effects in
functional noncoding RNAs (ncRNAs) and it integrates as a proof of
concept information on the perspective of personalized medicine,
by integrating predictive analysis of pharmacogenomic traits with
emphasis on drugs for which pharmacogenomic testing has been
recommended, thus laying the template for genome-scale analysis
of personal genomes for personalized medicine.

Materials and Methods

Subject Selection and DNA Isolation

An anonymous self-declared healthy Indian individual with no
known prior disease condition was selected for the study. Blood
sample was collected under strict aseptic conditions with the written
consent of the subject. The sample collection was in accordance with
the guidelines set by the CSIR Institute of Genomics and Integrative
Biology Human Ethical Review Board. The genomic DNA (gDNA)
was isolated from the peripheral blood following the standard pro-
tocol provided in the section Supp. Methods. Quality of the DNA
was confirmed using both Agilent Technologies 2100 Bioanalyzer
and agarose gel electrophoresis and concentration was measured
with a UV spectrophotometer.

Basic Clinical Biochemistry Assessment

The selected sample was analyzed for basic clinical biochemi-
cal parameters such as glucose, urea, creatinine, HDL (high den-
sity lipoprotein), LDL (low density lipoprotein), triglyceride, uric
acid, CRP (C-reactive protein), and total cholesterol using an auto-
mated biochemical analyzer (Roche Cobas Integra 400plus) follow-
ing manufacturer’s protocols.

Genomic DNA Library Preparation

Genomic DNA library was prepared according to the manufac-
turer’s instructions for sequencing on Genome Analyzer IIx (GAIIx)
sequencing platform from Illumina, USA. Briefly, 5 μg of gDNA was
nebulized to prepare double stranded DNA fragments of size less
than 800 bp. The sticky ends of the fragmented DNA were converted
to blunt ends using T4 DNA polymerase and Klenow enzyme and
a single “A” base was added to 3′end using polymerase activity of
Klenow fragments (3′ to 5′ exo minus). To this “A” overhang, manu-
facturer specified paired end adapter with a single “T” overhang was

ligated. Of these ligated products, ∼300 bp fragment was selected
from a 2% agarose gel and selectively enriched by PCR using adapter
specific primers. Quality of the library was confirmed using both Ag-
ilent Technologies 2100 Bioanalyzer and agarose gel electrophoresis
and the concentration was measured.

Genome Sequencing

Clusters were generated on the GAIIx flow cell using Illumina
Cluster Station as per standard protocols provided by the manufac-
turer. The sequence data was generated on the GAIIx platform. The
sequencing chemistry follows sequencing-by-synthesis methodol-
ogy using fluorescent reversible terminator deoxyribonucleotides.
After the incorporation of each base, high-resolution images of the
flow cell are captured and processed using Illumina Pipeline Soft-
ware (v1.4). Only the sequences that passed the quality filter (based
on reliability of base calls) were used for downstream analysis.

Data Processing and Alignment of Sequenced Reads

We used open-source “Mapping and Assembly with Quality”
(MAQ, v0.7) software (http://sourceforge.net/projects/maq/) to
align the paired end reads onto the human reference genome (NCBI
v37.1). MAQ performs ungapped alignment of reads and for paired-
end reads MAQ finds all paired hits with one of the two reads con-
taining up to 1 mismatch. If a read can be mapped to several equally
best positions, MAQ randomly chooses one position and gives the
alignment a zero mapping quality. After alignment, it builds a con-
sensus sequence based on a statistical model and provides Phred
quality and read depth at each position along the consensus.

Identification of Single Nucleotide Variations and
Small InDel

Single nucleotide variations (SNVs) were identified by comparing
the reference base with the base in the consensus sequence using
MAQ cns2snp option in conjunction with the SNP filter script. To
weed out unreliable SNV calls, we applied the following criterion: (1)
The Phred quality score at that position should be at least 20; (2) the
quality score of adjacent bases should be at least 20; (3) the number
of reads spanning the region should be at least 10 and at most 100;
and (4) any SNV within 3bp distance of an InDel were discarded.
Small InDels were identified using MAQ by paired end detection
method (one read spanning across the InDel with its mate mapped
with high confidence) and by detecting abnormal alignment pattern
around InDels. We required the InDel to be supported by at least
three paired-end reads and any InDels lying too close to another
InDels were filtered out.

Estimation of the Accuracy of Base Calls

To assess the accuracy of our base calls, we used an independent
genotyping assay. Genotyping for the DNA was done in duplicates
using Illumina 610k SNP array chips [Ragoussis, 2009] on Illumina
iScan platform. The sample processing, hybridization and scanning
was performed as per the manufacturer’s instructions. Genotype
calls were performed using the Illumina Genome Studio software
and calls were performed at a 0.2 score cutoff. The genotype calls
that concurred in both the experiments were further filtered and
they formed the “intersection” set. We compared the results on
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the “intersection” set to our base calls generated from the genomic
alignments of the reads to assess the quality of our sequencing.

Comparison and Annotation of Genomic Variations

The entire set of variations, both homozygous and heterozygous
was compared with The Database for Single Nucleotide Polymor-
phisms (dbSNP v131) [Sherry et al., 2001]. Variations were anno-
tated with rsIDs, where the positions and the changes matched. The
remainder formed the corpus of novel variations. The gene annota-
tions and their genomic loci were derived from the RefSeq mappings
on hg19 version of the genome build available at UCSC Genome
Browser. Using the coordinates we computed the number of vari-
ations falling in the genic regions and further classified them into
exonic and intronic as described in the flowchart Supp. Figure S1. In
addition, variations in nongenic regions were further classified into
promoter and intergenic variations. Homozygous and Heterozy-
gous variations were calculated separately in each of the classes.
The exonic variants were further taken up for in-depth analysis for
potential functional effects.

Analysis of Potential Functional Consequences
of Genomic Variations

Analysis of coding variations

Potential functional consequences of SNVs were analyzed using
an ensemble of tools. The mis-sense SNVs were analyzed to study
whether the mutation changing the amino acid of the protein is
considered to increase disease susceptibility or considered to be be-
nign. Polymorphism Phenotyping v2 (Polyphen2) [Adzhubei et al.,
2010] was employed for predicting SNVs with potential deleteri-
ous effects. PolyPhen2 models mutation effects using both struc-
ture and sequence as well as phylogenetic information and clas-
sifies the mutations as benign, possibly damaging, and probably
damaging.

Analysis of disease associations

We identified variations in the genome concurring with
the disease-associated variations on a compiled dataset avail-
able on genome-wide association studies for complex diseases
(www.genome.gov/gwastudies) [Hindorff et al., 2009]. This dataset
includes variation reported from global genome-wide association
studies.

Analysis of pharmacogenomics markers

Data on pharmacognomic markers were compiled and curated
from literature and public databases including PharmGKB [Altman,
2007; Wishart et al., 2006]. The odds ratio cutoff was set at 2. In
addition, 14 drugs for which pharmacogenomics testing has been
recommended have been also scanned for markers associated with
pharmacogenomics [Wishart et al., 2006].

Analysis of noncoding variations

The genomic loci for functional ncRNAs were derived from the
UCSC Genome Browser and the positions were compared with the

variations using custom scripts. There has been a paucity of com-
putational tools to assess the potential functionality of variations
in ncRNAs. We have recently reported a computational pipeline
for the mapping and analysis of genomic variations in microRNA
(miRNA) loci and assess the potential functional consequences of
the variations [Bhartiya et al., 2011]. The computational pipeline
and the scripts are available at http://genome.igib.res.in/mirvar. The
variations were annotated as stem/loop/bulge depending on the sec-
ondary structure annotation available on miRBase [Griffiths-Jones,
2004; Kozomara and Griffiths-Jones, 2011]. Variations in the seed
regions were similarly mapped using in-house developed scripts.
The variations having the probability to interfere with biogenesis of
miRNA were also identified using in-house developed scripts.

Results

Subject Selection, Biochemical Evaluation and Genomic
DNA Isolation

Blood sample from an anonymous 52-year-old, self-declared
healthy male of Indian origin with no known disease conditions
was selected for conducting the study. The sample was collected as
per the Human ethical guidelines laid down by the CSIR Institute
of Genomics and Integrative Biology (IGIB). The donor has given
written consent for public release of the genomic data for use in
scientific research. The blood sample was subjected to biochemical
evaluation for nine parameters and was found to be within normal
limits (Supp. Table S1). Genomic DNA of the individual (hereafter
referred as IGIB1) was isolated from the blood sample as described
in the methods section, and we proceeded for whole genome se-
quencing.

Data Generation and Short Read Alignment

We prepared one paired-end library and data was generated from
paired-end 76 bp sequencing using Illumina Genome Analysers
(GAIIx: see Supp. Methods for details). We collected over 740 million
high-quality reads for the analysis.

The entire data described in this study was generated using paired-
end reads as it significantly improves the genomic mappings and in
addition provides insights into structural variations in the genome.
The sequence data including the reads and the mapping information
are summarized in Supp. Table S2. We generated a total of approx-
imately 153.6 GB of raw data of which approximately 112.9 GB
(73.5%) passed quality filters based on individual base calls inten-
sities and was used for downstream analysis. Approximately, 82.3
GB of the data was successfully aligned back to human reference
genome (GRCh 37.1/hg19) resulting in over 28X coverage of the
reference genome (Table 1, Supp. Fig. S2). Approximately, 90% of
the mapped reads could be uniquely aligned to the reference genome
and this was used to create the consensus genome sequence of
IGIB1 sample and is freely available at http://genome.igib.res.in/cgi-
bin/gbrowse/AsianGenome/.

Identification of SNV and Indel

We compared the IGIB1 genome with the human reference
genome (hg19) for identification of SNV and small InDel. Using
series of criteria as described in the section Materials and Methods,
we identified approximately 3.4 million SNVs in IGIB1 genome. We
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Table 1. Data Production and Alignment Results for IGIB1 Genome

Number of
raw reads

Number of
filtered read

Number of
mapped reads

Total
bases (Gb)

Passed
bases (Gb)

Mapped
bases (Gb)

Effective
depth (fold)

Rate of nucleotide
mismatch (%)

1,018,925,559 742,919,805 545,480,159 153.6 112.9 82.3 28.4 2.15

A summary of the paired-end (PE) sequencing reads from six independent sequencing experiments. The PE sequencing reads were aligned back to human reference genome
(GRCh 37.1/hg19). The effective depth was calculated by dividing the mapped bases by the length of the hg19 build (excluding “N” bp in the length). Details of the individual
sequencing runs are provided in Supp. Table S2.

Figure 1. Distribution of SNVs (A) and small InDel (B) in the IGIB1
genome that overlap with SNVs and small InDels present in the dbSNP
database (http://www.ncbi.nlm.nih.gov/SNP/). The detected SNVs that
were not present in the dbSNP were classified as novel.

also identified 274,038 small deletions and 216,403 small insertions
in the IGIB1 genome when compared with the human reference
genome (hg19). The average size of the insertion and deletion in the
sequenced genome was 1–2 bp and 2–3 bp, respectively.

Accuracy of SNP Identification

We assessed the accuracy of our SNP calling algorithm by com-
paring our SNP calls with those of dbSNP [Sherry et al., 2001]. We
found 3.15 million (∼93%) of IGIB1 SNPs in dbSNP. The remain-
ing 0.25 million (∼7%) SNPs were novel (Fig. 1A). Of the 490,441
small indels identified, 199,956 (41%) small indels overlapped with
dbSNP indels. The remaining 290,485 (59%) indels were novel
(Fig. 1 B). The validity of our SNP calls was validated indepen-
dently by conducting a genotyping assay using the Illumina 610k
bead chip. The concordance rate of our SNPs calls was 99.7% for
homozygous SNPs and 98.9% for heterozygous SNPs (Table 2).

Table 2. Comparisons of Genome Sequencing and Array-Based
Genotyping Alleles Array-Based Genotyping

Array-based genotyping

Homozygous Heterozygous

Genome sequencing
consensus

Homozygous 166,265 (99.7%) 391 (0.3%)
Heterozygous 2,331 (1.1%) 221,700 (98.9%)

Alleles were called from both the genome sequencing and the array-based genotyping
in independent experiments. The alleles were classified into heterozygotes (where only
one allele is identical to the reference) and homozygotes (where both alleles differ
from the reference). We compared the results derived from the array-based
genotyping assay with the base calls generated from the genomic alignments of the
reads to assess the quality of the sequencing. The concordance rate of the SNPs calls
between the genome sequencing and the array-based genotyping was 99.7% for
homozygous SNPs and 98.9% for heterozygous SNPs.

Individual Genome Comparison

Comparison between individual genomes would provide an in-
sight into the extent of interindividual variability. We have com-
pared the IGIB1 genome with the available Asian genomes, that is,
the Han Chinese [Wang et al., 2008] and Korean [Ahn et al., 2009;
Kim et al., 2009] genomes to decipher the interindividual variability.
The variations were downloaded from the respective databases and
made compatible for comparison by normalizing the builds of the
genomes used for the variation calls. The comparison was done us-
ing a bespoke script. The IGIB1 genome carries similarity of nearly
58% SNPs to that of the Han Chinese genome whereas for the two
Korean genomes it varies from 61 to 65% (Supp. Fig. S3).

Variations with Potential Deleterious Effect on Protein
Structure and Function

One of the primary objectives of this study is to create a stan-
dardized workflow for systematic and in-depth analysis of personal
genomes, including potential functional consequences. To this end,
we followed a systematic workflow as described in Figure 2. We
studied the distribution of the SNVs identified in IGIB1 genome
across different genomic regions such as CDS, UTR intergenic re-
gion, and so on (Table 3) for determining the functional impact
of the variation. We found that out of the total SNVs identified,
59% are heterozygous and remaining 41% are homozygous. While
studying the distribution of these variations across the gene, it was
observed that a large proportion of them occurred in introns fol-
lowed by 3′ UTR. We found that out of all the novel SNVs identified
19,206 are within exons of the known RefSeq genes. Many of these
novel exonic variations were leading to potential silent mutations
resulting in no change in the polypeptide chain. However, around
8,955 of the exonic variations were recognized as nonsynonymous
SNP leading to change in the amino acid code and thereby changing
the output protein. We tried to study the substitution in the amino
acid code for these novel exonic variations (Supp. Fig. S4), but did
not observe any biasness toward some particular amino acids. The
transitions in the amino acids were represented universally among
all the amino acids. Further in-depth analysis showed that 79 of these
variations lead to premature stop of the polypeptide chain and other
39 variations lead to change in their stop codon sequences, thereby
resulting in the increase in the length of the polypeptide chain
(Table 3). In addition, we employed the popular tool PolyPhen-2 to
scan through nonsynonymous variations with potential functional
effect. It was observed that over 1,400 variations distributed across
approximately 1,400 genes are predicted as “possibly damaging” by
PolyPhen-2 (Table 4). Of these 1,400 variations, approximately 800
are novel for IGIB1 genome. The results of the PolyPhen-2 pre-
diction are summarized in the Supp. Table S3. All genes that were
predicted to have a deleterious mutation were clustered according
to their GO IDs to identify the enriched GO terms (Table 5). The
analysis revealed enrichment for terms related to olfactory receptor
activity.
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Figure 2. Schematic of the data analysis pipeline for systematic work-flow and analysis of variations in personal genomes.

Table 3. Single Nucleotide Variation (SNV) Mapping in the IGIB1
Genome with Respect to the Gene Loci

Mapping of SNVs Number of variations

Total number of single nucleotide variants called 3,408,824
Homozygous SNVsa 1,404,253
Heterozygous SNVsb 2,004,571
SNVs mapping to dbSNP (v131) 3,152,861
Novel single nucleotide variations 256,264
SNVs mapping to Exonc 19,206
Synonymous SNVs 10,082
Nonsynonymous SNVs 8,955
SNVs with StopGainc 79
SNVs with StopLostc 39
SNV mapping to 5′ UTRc 2,779
SNVs mapping to 3′ UTRc 20,682
Upstream to RefSeq genesd 16,812
Downstream to RefSeq genese 19,463
SNVs mapping to Intronc 1,142,921
Intergenic SNVsf 2,097,473

aWhere both alleles differ from the reference.
bWhere only one allele is identical to the reference.
cAll mappings are in relation to RefSeq genes only.
d5 Kb region upstream to the RefSeq genes were analyzed.
e5 Kb region downstream to the RefSeq genes were analyzed.
fVariations present between two RefSeq genes.

Variations with Potential Gene Associations as Evidenced
from Genome-Wide Association Data

We systematically integrated the variants from genome-wide as-
sociation data, which have been shown to be significantly associated

Table 4. The Functional Consequences of the Nonsynonymous
Variations in Proteins as Predicted by PolyPhen2

Class predicted Number of unique protein IDs Number of variants

Benign 6973 7971 (3484)
Possibly Damaging 1446 1413 (833)
Probably Damaging 1692 1595 (920)

The numbers in parenthesis represent novel SNVs discovered in the IGIB1 genome.

with a disease risk or trait. We used a stringent odds ratio cutoff
of 2 to filter out variations that significantly increased the risk for
a disease or association with a trait. The analysis results have been
summarized in Supp. Table S4. In summary, the IGIB1 genome
carries 152 variations that significantly increase the risk for certain
diseases.

Variations with Potential Pharmacogenomic Traits
or Predispositions

Association of genomic variations with pharmacological traits or
predispositions has been one of the important potential applications
of genome scans. As the present study is substantially centered on
the methodology and systematic analysis for whole-genome varia-
tion data, we included the analysis of predictive pharmacogenomic
traits. Data for pharmacogenomic traits or predispositions, which
were curated from public databases as well as from literature, were
compared with the variation dataset derived from the whole genome
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Table 5. Gene Ontology (GO) Term Enrichment of Genes (n = 623) with Nonsynonymous Single Nucleotide Variations

Category Term Gene count % P value (raw) P value after correction

Molecular function Olfactory receptor activity 99 16.4 6.50E-058 3.90E-055
Biological process Sensory perception of smell 98 16.2 2.20E-055 4.10E-052
Biological process Sensory perception of chemical stimulus 100 16.6 5.40E-053 5.00E-050
Biological process Sensory perception 114 18.9 1.20E-042 7.60E-040
Biological process Cognition 116 19.2 3.70E-039 1.70E-036
Biological process G-protein coupled receptor protein signaling pathway 117 19.4 5.10E-031 1.90E-028
Biological process Neurological system process 121 20 1.70E-030 5.20E-028
Biological process Cell surface receptor-linked signal transduction 131 21.7 5.50E-019 1.40E-016
Cellular component Plasma membrane 202 33.4 2.00E-013 7.00E-011
Cellular component Integral to membrane 255 42.2 1.40E-012 2.40E-010

The Classification was done using DAVID Annotation server. The classes are by GO FAT. Benjamini Correction was applied for multiple testing.

sequencing of IGIB1 sample. In addition, 14 drugs for which phar-
macogenomic testing has been recommended [Wishart et al., 2006]
has also been included in the analysis. The results are summarized
in Supp. Table S5. In summary, while comparing with a manu-
ally curated PGx marker database, 265 variants corresponding to
127 drugs are found to be present in IGIB1 genome also. Similarly,
while comparing with GWAS markers from the NIH GWAS Cat-
alog (www.genome.gov/gwastudies) [Hindorff et al., 2009], 1,342
variants corresponds to 261 traits are found to be present in IGIB1
genome.

Genomic Variations in microRNA Loci and Analysis of
Potential Functional Implications

Understanding the consequence of ncRNA variations has been
an enigma, as computational methods for systematic genome-scale
analysis of variations in ncRNA loci and their potential functional
effects were not available. Using a recently described computational
analysis pipeline, we analyzed the variations in miRNA loci and
assessed the potential functional effects of the variations [Bhartiya
et al., 2011]. A total of 34 miRNA loci harbored 37 variations out of
which 3 variations were in the seed region, while 2 variations in hsa-
mir-1255a and hsa-mir-4326 were potentially found to be involved
in the alteration in biogenesis of miRNAs. The mappings and their
potential functional effects of these variations are summarized in
Supp. Table S6.

Discussion
This study and the analysis described herein primarily adds to the

wealth of information on genomic variations, especially in the con-
text of the Indian subcontinent, which is home to the almost 16% of
the human population. Though genomes from other Asian coun-
tries including China [Wang et al., 2008], Korea [Ahn et al., 2009;
Kim et al., 2009], Japan [Fujimoto et al., 2010], and India [Kitzman
et al., 2011] has been sequenced in the past years, a male genome
from this vastly socially and genetically diverse subcontinent adds
valuable insights into human population diversity. Furthermore,
this study adds to the catalogue of genomic variation derived from
the 1000 human genome project consortium, which also includes
samples of Indian origin (1000 Genomes Project Consortium). We
also evaluated the overlaps of novel variations in our dataset with
1,000 genome datasets (Supp. Table S7). The IGIB1 genome sheds
light on a large number of novel variations and structural variants
(Supp. Table S8), which is important for creating a comprehensive
dataset of human variations and also points to the need to do large
number of genomes of individuals from diverse ethnic groups from

this region. This would be the starting point to create a baseline
data, which could be further exploited for disease associations. We
also evaluated the pathogenicity of variations overlapping with pre-
viously reported variations in dbSNP using two popularly available
tools and find that a small subset of variations could be pathogenic
(Supp. Table S9).

The advent of faster, cheaper, and efficient sequencing technol-
ogy has opened up the possibility of sequencing individual human
genomes compared to genetic screening for a limited set of markers
or limited resolution mapping on genetic variations including large
structural variations. Whole genome sequencing offers a wealth of
all-encompassing information, at single nucleotide resolution. The
key caveat in this entire process had been the lack of a systematic
methodology and analysis workflow to analyze the genome data in
a holistic way. Most of the current methods to look at deleterious
effects of variations are centered on protein coding genes, which
amount to only a small fraction of the whole genome. We have
integrated analysis methodology to possibly look at variations in
ncRNA, including the miRNAs for which ample annotation and
tools for analysis is available in public domain.

The utility of whole genome sequencing in a clinical setting would
only be exploited to the fullest extent by integrative comparison of
marker associations from different resources and databases. As a
proof of concept, we have integrated the disease association infor-
mation and pharmacogenomic trait association data in an attempt
to start addressing this space. An overview of the IGIB1 genome
variations, genetic associations, and pharmacogenomic markers are
presented in Figure 3.

The results have been unique in many ways; primarily, it reports
a wealth of novel variation in the genome, hitherto untapped for
studying functional associations. The novel variations suggest that
we are far from reaching the plateau in understanding the diversity
of the genome variations, also hinting to the need for doing more
number of whole genomes in an attempt to catalogue the complete
genetic diversity. This attains prime importance in the light of ef-
ficient technologies now made available to look at variations and
disease associations in an unbiased manner.

The methodologies for integrative analysis of the potential func-
tional consequences of variations in the genome is still in its infancy
and the present state-of-the-art tools can predict only functional ef-
fects of protein coding genes with high accuracy, which comprised
of only 2% of the entire genome. In an attempt to understand poten-
tial functional consequences of variations in the noncoding regions
of the genome, we for the first time have integrated a set of es-
tablished tools for functional prediction of miRNAs, a well-studied
class of regulatory ncRNAs involved in a wide variety of pathways
right from development to diseases, including neoplasia and in-
fections [Mehler and Mattick, 2007; Taft et al., 2010]. Currently,
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Figure 3. Summary of the analysis of IGIB1 genome sequence. A: chromosome number; B: karyotype of human chromosomes
(http://genome.ucsc.edu/); C: chromosomewise coverage of IGIB1 genome sequence; D: density of variation from dbSNP on a window of 1
Mb; E: density of Refseq genes on a window of 1 Mb; F: density of variation from IGIB1 genome on a window of 1 Mb; G: density of small insertion
from IGIB1 genome on a window of 1 Mb; H: density of small deletion from IGIB1 genome on a window of 1 Mb; I: nonsynonymous variation in the
IGIB1 genome; J: disease-associated variation with Odds Ratio >5; K: disease-associated variation with risk factor >10, <19.9; L: disease associated
variation with risk factor >20, <29.9; M: disease associated variation with risk factor >30, <49.9; N: disease-associated variation with risk factor >50.

our understanding of the noncoding component of the genome is
very limited [Amaral et al., 2008]. We believe with the widespread
use of sequencing technologies, novel ncRNAs and their sequence
and structural features, which confer them respective functionalities
would be better understood and this would pave way for the eluci-
dation of functionalities of a large number of genomic variations.
In addition, the datasets that would be derived from GENCODE
(http://www.gencodegenes.org/) and other projects aimed at creat-
ing a comprehensive catalog of DNA elements in the genome would
fill, at least partially, the void in datasets needed to build predictive
tools to understand the effect of variations in regulatory regions in
the genome.
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